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INTRODUCTION 

Cobalt is the latest addition to the list of mineral elements known to 
be essential for the growth and health of ruminants. Its relationship 
to the health of other animals has not yet been established. Its role 
as an essential element became known through long-time studies of 
certain peculiar diseases of grazing animals {169Y having different 
names but similar symptoms in different areas, and now held to have 
common cause. 

Among these disorders are "bush sickness" and "Morton Main 
disease" of Kew Zealand, "coast disease" of Australia, "salt sick" in 
Florida, "pining disease" of Scotland, "nakuritis" of Kenya Golony 
in Africa, an unnamed disease in Dartmoor, England, and "neck ail" 
of Massachusetts. Other reports include "Burton-ail' 'of New Hamp* 
shire (^4) 5 "Grand Traverse disease" of northern Michigan (g<^), and 

^ Italic numbers in parentheses refer to Literature Cited» p. 34. 
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ailments in Wisconsin (77), the Hebrides (4^), and ISTorway (66). 
The occurrence of these nutritional disorders in the United States 
has been mapped by Beeson (<f^). 

Animals having any of these diseases lose appetite and weight, be- 
come weak and anemic, and finally die. Long before anything definite 
was known about its cause each disease was recognized as being 
limited to certain areas of a country and preyention and cure were 
effected by transferring animals from "sick'* to "healthy" areas. 

, The history of the investigations of these variously named ailments 
has been summarized by Marston et al.(i^Ö). Wunsch {190^191) 
discussed the extensive research in New Zealand, where investigation 
of the cause of "bush sickness" began about 45 years ago. Fr'om 
observations in "sick" and "healthy" areas and from the shifting of 
animals from one area to another came the hypotheses that either an 
e'xcess or a deficiency of some mineral element in the soil, and thus 
ih the forage, was involved. Soil and crop analyses and feeding and 
fertilizer experiments were carried out. 

As a result of a series of studies of which the first publication was 
maúe in 1911, Aston came to the conclusion that the disease was due 
to iron deficiency. His studies are cited and summarized in an article 
published in 1924 (^-^). He reported that ferric ammonium citrate 
cured the ailment and prevented its onset. Luter, Aston reported 
(Bß) that limonite from certain deposits was specific. These dis- 
coveries provided practical and effective means of preventing and 
curing the disease in the field. Further studies hy Grimmett and 
Shorland {83) in the North Island of New Zealand and by Eigg and 
Askew (ISSylSS) in the South Island, however, produced evidence 
against the explanation that the cures achieved were due to iron. It 
was postulated that some other inorganic constituent must be involved. 

The importance of cobalt as a limiting factor in the nutrition of 
sheep and cattle in the United States has resulted in several investiga- 
tions of its occurrence in the vegetation and soils in trouble areas. 
Much of the pertinent literature is found in foreign journals and is 
not readily available to those engaged in field work. Furthermore, 
the volume of the cobalt literature suggests the need for a summary and 
evaluation of those reports dealing with the cobalt content of vegeta- 
tion and its relationship to soil. In this review the purpose has been 
to present a critical and comprehensive survey of the literature rather 
than a series of abstracts of individual papers, 

DISGOVERY OF COBALT AS AN ESSENTIAL ELEMENT IN 
RUMINANT NUTRITION 

In the meantime, experiments which eventually established cobalt 
as the deficiency element had been in progress in other areas. Dis- 
covery of the specific role of this element apparently was made in- 
dependently by Filmer and Underwood, working on "enzootic maras- 
mus" in West Australia, and Marston and Lines from their studies 
of "coast disease'* in South Australia. In 193B, Filmer (i^5), de- 
scribed the malady to which he gave the name **en2ootic marasmus,'' 
pointed out its similarity to "bush sickness," and produced evidence 
against the iron-deficiency theory. He expressed the view that the 
diseases were due to the lack of some mineral essential for iron met ab • 



COBALT ó 

olism and associated in nature with iron. Later, Filmer and Under- 
wood (69) obtained an iron-free extract of limonite which was cura- 
tive. Continuing their worli:, they reported in 1935 (181) that the 
limonite extract owed its potency to cobalt and described the cure of 
the disease in cattle and sheep by the administration of cobalt salts. 

The term "coast sickness" was applied by the early settlers of South 
Australia to a disease of sheep pastured in the coastal areas. Active 
investigations of the ailment wxre initiated in 1929. Working on 
the hypothesis that either a deficiency or an excess of some mineral 
element was involved, various feeding experiments were carried out. 
The results led to the belief that a lack of some trace element was 
responsible for the malady. The investigators had noted that an 
anemia developed progressively in the course of the disease. They 
were familiar with the published reports of the remarkable effects of 
cobalt in causing polycythemia in rats. From these considerations 
and from certain geochemical evidence which had accumulated, they 
were led to test the effect of the administration of cobalt. Cures by 
the use of this element were reported in 1935 by Marston (118) and by 
Lines (104^). These studies are reported in greater detail in a bulletin 
by Marston and coworkers (i^(9). 

Following the reports of the successful use of cobalt in Australia, 
Askew and Dixon (Í6>) demonstrated that cobalt salts were effective 
in preventing "bush sickness" at Gienhope and the ailment at Morton 
Mains in the South Island of New Zealand. Wall (186) reported 
similar results from the North Island. 

In a bulletin pubhshed in 1931, Becker, Neal, and Shealy {30) stated 
that in Florida "salt sick" was an old problem with cattle grazing on 
certain types of soils and that it was the greatest single cause of loss 
to the cattle industry of the State. They mentioned that the Florida 
Experiment Station had worked on the problem intermittently for 
over 50 years. They described symptoms as complete loss of appetite, 
emaciation, weakness, and pale mucous membranes. As a result of 
their own studies, these writers reported that the disease was a nutri- 
tional anemia, that the forage was lower in iron or in iron and copper 
than that of "healthy" areas, and that when affected cattle were given 
traces of iron and copper the condition was overcome excex3t in the 
most advanced cases. A deficiency of these elements in the feeds, they 
stated, was the cause of "salt sick." 

Following the success with cobalt in Australia and New Zealand, 
Neal and Ahmann {132) tested the effect of this element in an experi- 
ment with calves in Florida. The basal ration used consisted of hay 
from a "salt sick" area, shelled corn, skim-milk powder, cod-liver oil, 
whole milk, and salt. A failure of appetite and growth resulted on 
the basalration alone. The trouble was aggravated by the use of an 
iron and copper supplement, but was cured by cobalt administration. 

Patterson {138^189) studied the ailment in Dartmoor, England. 
He found that the cobalt content of the soil and pasture was higher 
in the "healthy" area than in the "sick" area, and that a mixture of 
cobalt, manganese, and zinc salts cured the disease. 

Bowstead and Sackville (4-4) reported that in western Canada sheep 
maintained for a relatively long period on a dry ration of nonlegumi- 
nous hays from certain regions, oats, and mineral supplements de- 
veloped a cobalt deficiency. 
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Corner and Smith (55) reported striking benefits from cobalt/ad- 
ministration to ewes suffering from "pine" in the Cheviot Hills, Scot- 
land. They consider that the benefits previously ascribed to iron 
were probably due to cobalt, present as an impurity in the iron salts 
used. "Pining disease" has recently been described by Greig and 
coworkers (81). 

SPECIES AFFECTED BY COBALT DEFICIENCY 

Cattle and sheep are the only species thus far known to be susceptible 
to cobalt deficiency. Cattle appear less susceptible than sheep in 
that they have frequently been reported unaffected in areas where the 
trouble is common in sheep.   Filmer and Underwood (7Ö) state that 
the disease runs a more rapid course in sheep and calves than in mature 
cattle. Horses have been reported unaffected in areas where sheep 
suffer from "enzootic marasmus," "bush sickness," and "pining dis- 
ease." The "salt sick" of Florida has been reported in swine and goats 
as well as calvesj but this term evidently covers ailments caused by 
more than one deficiency. No cures of goats and hogs by cobalt ad* 
ministration have been reported. Underwood and Elvehjem (180) 
were unable to produce evidence of cobalt deficiency in rats, but the 
diet they used was not low enough in the element to provide an intake 
per unit of body weight below that found curative for sheep, Thomp- 
son and Ellis (17S\ could find iio^evidence that additional cobalt was 
beneficial to a rabbit on a basal diet providing 1 microgram of cobalt 
a day. 

POSSIBLE ROLE OF OTHER ELEMENTS 

^ The evidence is clear that there is no cure without cobalt for "coast 
disease," "enzootic marasmus," or "bush sickness." There is evidence, 
however, that certain other elements may be beneficial in some cases, 
indicating that deficiencies other than that of cobalt may exist in some 
areas. ^ 

\ In studies with mature sheep Marston and McDonald {IßO) found 
that treatment with iron and copper brought temporary improvement 
in some cases but failed to arrest the fatal course of the disease. Co- 
balt with copper or with copper and iron brought manifest improve- 
ment and restored most of the animals to normal health. With lambs 
(IW) copper alone was ineffective, while cobalt alone permitted 
growth in some animals but did not prevent the progressive develop- 
ment of anemia. Copper plus cobalt caused satisfactory growth, cured 
mildly affected animals, and prevented the; development of anemia. 
These authors suggest that a dual deficiency of copper and cobalt in 
affected areas causes "coast disease." 

Lines Ç1B0) found that in one area on Kangaroo Island sick ewes did 
not respond to cobalt but did to cobalt plus copper ; that in another 
area they did not respond to cobalt alone but did to a mixture of co- 
balt, iron, zinc, and manganese. 
Ï Mckel has been tested frequently. Evidently the nicket salt used 
in studies before the essential role of cobalt was discovered contained 
cobalt also. Dixon {6ß) ied one group of lambs 0.8 mg. of nickel-free 
cobalt weekly and another group cobalt plus G.16 mg. of nickel. The 
second group made better gains. The results are considered statis- 
tically significant. 
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Filmer and Underwood {7X) expressed the view, based on their 
experiments, that traces of nickel increase the action of suboptimum 
levels of cobalt. They found that although 0.3 to 1 mg. of cobalt daily 
was an adequate supplement for cattle for 12 months, the gains 
made on the suboptimum intake of 0,05 mg. were improved by the addi- 
tion of 0.02 mg. of nickel. The differences were significant statis- 
tically. Von Zeppelin and Glass (ii^^), in studies of "enzootic maras- 
mus" in sheep, claim benefits from nickel, particularly as a supplement 
to cobalt. 

PATHOLOGY OF COBALT DEFICIENCY 

The commonly reported physical symptoms of cobalt deficiency, in 
both growing and mature animals, are listlessness, dullness, and, fre- 
quently, watering of the eyes, unhealthy coat, loss of appetite, slow 
growth or loss of weight, general weakness, and bleaching of the mu- 
cous membranes. The animal wastes away and finally dies. Clearly, 
this is a general rather than a specific picture of malnutrition, giving 
no precise information on the role of cobalt. Wool growth is markedly 
affected in sheep {154). Cows are difficult to breed, abortions may oc- 
cur, and lactation is depressed. These effects are to be expected in 
general malnutrition, and thus cannot be considered as specific or 
direct effects of a cobalt deficiency. 

COBALT REQUIREMENTS 

A surprisingly small quantity of cobalt is required to prevent or 
cure the disorders which respond to its administration. The quanti- 
ties reported in the literature are those that have been found effective 
as supplements to forage grown in "sick" areas. Thus they are not 
absolute values as the forage itself was not devoid of cobalt. The 
data have been obtained both by feeding cobalt salts and by feeding 
soil or mineral extracts the cobalt content of which was estimated. 
Obviously the second method is less reliable than the first, because 
elements other than cobalt were fed and also because the chemical de- 
terminations may have been inexact. 

Most of the values reported were obtained with sheep. In the "coast 
disease" area, sheep in an advanced stage of the disease responded in 
appetite and in general condition to daily administrations of 1 mg. of 
cobalt as cobaltous nitrate (Lines, 10^^ 120). No work at a lower level 
was reported. 

Studies of "enzootic marasmus" (7¿?, 71,181) show that as small^a 
daily intake of cobalt as 0.1 mg. is sufficient to cure the disease in 
sheep. This level was effective for optimum growth over a period of 
14 months. Levels of 0,03 and 0.05 mg. gave a response but were too 
low for satisfactory growth. 

For the cure of "bush sickness" in sheep in the South Island of 
New Zealand, Askew and Dixon {16) reported that feeding 8 mg. of 
cobalt a week was successful. The growth was double that of the 
controls, the blood picture was normal, and wool growth was markedly 
better. Later these workers {18) reported that the minimum intake 
necessary for health is 0.6 mg. a week. 

If 0.1 mg. a day for sheep is accepted as the minimum addition to 
cobalt-deficient forage, the total requirement may be estimated by 
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considering also the quantities wliicli have been found in the forage. 
From a review of New Zealand studies, Wunsch (Í5i) states that an 
average of 77 "sick" pastures contained 0.038 p. p. m. of cobalt in the 
dry matter. Underwood and Harvey {182) reported an almost 
identical figure—0,0é p. p. m.—f or "sick" areas in Australia, Assum- 
ing that a 100-pound lamb eats 2.5 pounds of dry matter daily, pasture 
containing^ 0.04 p. p. m. would sripply approximately 0,045 mg, daily. 
Adding this to 0.1 nig. would give a daily requirement of about 0.15 mg. 

Indirect evidence on a cobalt requirement which should be adequate 
is obtained by considering its content in the forage of "healthy" areas. 
Wunsch (i^^) summarized the data from the New Zealand studies 
as follows: 
Cobalt in forage : Effect on Uvestoch 

0.01 p. p.m. dry weight—»—_______^ Serious sickness in sheep and cattle. 
0.04 do. —_—^^_—__ Serious sickness in sheep; some in cattle. 
0.04^0.07   do. ———— Some sickness in sheep ; cattle fairly healthy. 
0.07-0.3     do.  :—_— —__ Sheep and cattle healthy. 

Wunsch reports the average value of 0.106 p. p. m. for 39 "healthy" 
pastures. Underwood and Harvey (^5^) report an average value 
of 0.13 p, p. m. for "healthy" areas adjacent to a "sick" area, and a 
value of 0.18 p. p. m. for "healthy" areas outside the "sick" district. 
Taking the lower value reported by Wunsch and assuming that a 
100-pound lamb eats 2.5 pounds of dry matter a day, the intake would 
be computed as 0.12 mg. a day. Similarly, 0.13 p, p. m. in the forage 
would provide an intake of 0.15 mg. a day. 

For the cure of "enzootic marasmus" in cattle. Filmer and Under- 
wood {70) found 0.3 to 1.0 mg. effective. This indicates a lower re- 
quirement per unit of body weight by cattle than by sheep—a finding 
that is borne out by observations in the "sick" areas that cattle appear 
to be less susceptible than sheep. On the other hand, in limited ex- 
periments by Neal and Ahmann {IM) with calves fed hay from a "salt 
sick" area, 10 mg. daily gave better results than 5 mg. with one calf. 
A deficiency of some other trace element may have been involved and 
this element may have been present as an impurity in the cobalt salt 
used. 

The cobalt requirentents so far discussed here are those that have 
been found effective as preventives or cures as measured by appetite, 
growth, and general condition. No specific studies of the require- 
ments for reproduction and lactation have been made. Keproduction. 
failures and decreased lactation are commonly observed in the "sick" 
areas, but there is no specific evidence as to whether the requirements 
are greater during these periods. Marston {130) states that nutri- 
tional disorders are more severe during the strain of reproduction 
and lactation. According to Filmer and Underwood {70)^ wasting 
in cows is particularly rapid after calving or abortion. 

GOBALT CONTENT OF ROCKS AND OTHER SOIL PARENT 
MATERIALS 

The availability of soil cobalt to a plant depends on many factors. 
The quantity of cobalt and its distribution throughout the soil profile, 
which are of primary importance, have received very limited atten- 
tion.   Other factors—the nature of the compounds of the element and 
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the effects of moisture and other soil characteristics and of climate— 
are not well miderstood. The soil parent material is a factor of 
recognized importance as the original source of any mineral element, 
and some studies in relation to cobalt have been reported. 

Cobalt cannot be classed as one of the more abundant elements of 
the lithosphère, but its general occurrence is indicated by its presence 
in practically all soils and vegetative tissue that have been examined 
for it. Clarke and Washington (66) state that the element is widely 
distributed, although in very small quantities, in igneous rocks that 
constitute about 95 percent of the lithosphère. Its relative rarity, 
however, is emphasized by Washington's estimate (188) that there 
is less than 0.23 percent of cobalt in the whole earth. Goldschmidt 
(78) suggests that a large part of the cobalt of the earth, because of 
partition between metallic or semimetallic phases and silicate phases^ 
has been eliminated from the earth's crust. He believes therefore that 
the cobalt content of the crust does not exceed 40 grams per ton, or 
approximately 45 p. p. m. The difficulty of determining such small 
quantities of the element limited the number of cobalt analyses in 
rocks and soils until the necessity for studying its occurrence stimul- 
ated the development of relatively simple and accurate methods for 
its determination. 

Eecent work has emphasized that cobalt is not uniformly distrib- 
uted in rocks and that its presence in any particular rock is not neces- 
sarily fortuitous but is based on physical laws. Clarke and Washing- 
ton (06) recognized that cobalt would ordinarily be found in certain 
minerals, such as olivine and pyroxene. Tröger (179) stated in 1935 
that a possible content of cobalt in eruptive rocks in most cases can 
be neglected, and that only in the unusually rich sulfide rocks is more 
than 0.01 percent of it found. Much smaller quantities, of course, are 
exceedingly important in relation to the supply of this element for 
animals. 

The first fundamental study on the distribution of cobalt was that 
reported by Goldschmidt (78) in 193Y. He utilized the principle of 
partition of elements between a metallic liquid, a semimetallic sulfide 
(liquid phase), and a silicate (liquid phase) as a means of accounting 
for the low cobalt content of the earth's crust. A fourth group in- 
cludes the elements which are accumulated in gaseous phases. Accord- 
ing to Goldschmidt, the classification of distribu.tion of cobalt would 
be as follows : 
Iron, sideropliile   Relatively liigh concentration, 
Sulfide, chalcophile  Moderate concentration. 
Silicate, litiiopMle _.  Low concentration. 

atmopMle . .  None. 

Goldschmidt reasoned that the partition of elements in these groups 
is closely related to the structure of the electron shells of the atoms. 
Ions such as those of sodium, calcium, and aluminum enter preferen- 
tially into the ionic phases of silicate shell; the metallic elements 
of the transition group such as nickel, palladium, platinum, and cobalt 
enter preferentially into the iron alloys ; and elements of the 18 elec- 
tron shells, such as copper and lead into sulfide, melt if their oxida- 
tion-reduction potentials are not high enough to permit formation of 
their iron alloys.    Thus, the greater part of the original cobalt con- 

871666—50 2 
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tent of the earth was concentrated in the iron core and only negligible 
quantities were left in the great mass of silicate rocks. 

A further sorting of cobalt is postulated by Goldschmidt. He 
points out that the formation of crystalline minerals involves the 
building up of space lattices of atoms or ions in a regular arrange- 
ment, depending upon the size or radii of the individual atoms or ions. 
Into such a lattice only particles of a size appropriate to the lattice 
spacings can enter. Cobalt, with a radius of 0,83 A,, is closely associ- 
ated with lithium, magnesium, nickel, iron, zinc, and tin. In the pair 
magnesium-nickel, the radii are the same—0,78 A.—as are also the 
charges of the ions. Being bivalent, both metals will enter into the 
silicate crystals of each other with about the same probability. Con- 
sequently, Goldschmidt states, the quantity of nickel in a number 
of magmatic minerals is roughly proportional to that of magnesium. 
If radii, charges, and the ionic type of two elements are exactly alike 
or very similar, no separation takes place. If, however, there is some 
small difference of ionic radius, the bond is weakened for the larger 
ion.   Thus: 

Forsterite, MgsSiOa, m. pt. 1910° C. 
Fayalite, Fe2Si04, m. pt. 1205° C. 

Ions of different charge enter a crystal structure in the order of 
their electrostatic charge, as long as simple atomic ions are involved. 
The ion having a larger charge has the preference over other ions of 
the same size but of lower charge.   Thus : 

Anorthite, Ga-^-^-iAl^SisOs) =m. pt. 1550° C 
Albite, ]SV (AlSisOs) -m. pt. 1090° C. 

Goldschmidt found that calcium is concentrated in the^ first fractions 
of plagioclase crystals and sodium is present in the later fractions. 

The importance of this principle in relation to cobalt is suggested 
by the work of Wager and Mitchell {ISJpy 186) on the Skaergaard 
intrusion of Kangerdlugssuak, Greenland. This comprises a series 
of gabbros and related rocks which has been interpreted as the result 
of fractional crystallization of a fairly normal gabbro magma. Tlius, 
according ^to Wager and Mitchell, the rocks consist of a precipitate of 
all the solid phases separating at a particular time from the magma, 
with about 20 percent of a magma then existing. In this series the 
normal g:abbro, an olivine, contains about 75 p. p. m. of cobalt. A 
gabbro-picrite, the first in the series of separates, contains 100 p. p. m. 
of cobalt; an acid, granophyre, the last to crystallize out, contains 
about 4 p. p. m. Wager and Mitchell {184) conclude that no deficien- 
cies in cobalt would be expected in soils derived from ultrabasic rocks, 
and the extensive studies of JSTockolds and Mitchell {136) contribute 
further proof of this characteristic distribution of cobalt. 

Lundegardh(i6>^) reported a similar distribution of cobalt from 
intrusive rock in an eastern upland in Sweden. In the normal differ- 
entiate, he found this element distributed as follows: In pyroxenite- 
hornblendite, 40 p. p. m. ; in basic quartz-gabbro, 40 p. p. m. ; in diorite, 
48 p. p. m. ; in late diorite, 25 p. p. m. ; in granite, 11 p. p. m. 

He reported an even more striking distribution in the late normal 
differentiate. In the order of crystallization, the cobalt content was 
as follows : In peridotite, 200 p. p. m. ; in allivalite, 60 p. p. m. ; in ultra- 
basic norite, 65 p. p. m.; in amphibole-gabbro, 23 p. p. m.; in micro- 
cline granite, 0.5 p. p, m. 
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Further evidence has been offered by Lundegardh (105), who found 
that olivine, consisting of 20 percent FesSiO^ and containing large 
quantities of magnésium, had a cobalt content of 250 p. p. m. Clino- 
pyroxene from the same intrusion (30 to 35 percent FeSiOg and with 
still more magnesium than iron) contained 130 p. p. m. of cobalt. 
However, titano-ma.gnetite (99 percent Fe2(FeTi)04 and containing 
very little magnesium) had a cobalt content of only 50 p. p. m. Thus, 
the higher the magnesium content, the lower the iron and the higher 
the cobalt content. 

Sandell and Goldich {161) examined a number of American igneous 
rocks and found cobalt to be relatively low—0.5 to 5.0 p. p. m. in the 
granites, as compared with 26 to 45 p. p. m. in the diabases. Ap- 
parently these rocks did not come from the same differentiates, but 
the cobalt levels suggest trends similar to those found by Lundegardh 
»and by Wager and Mitchell. Bray (^5), working with Colorado rocks, 
found that cobalt was highest where biotite and hornblende were 
abundant. He suggests that it occurs as a substitute for magnesium 
and iron. 

Carroll (Ji, 5ß) suggested these relationships with respect to the 
problem of cobalt deficiencies in Australia. She observed two con- 
ditions that seem to influence the cobalt content of the soil : (1) The 
character of the ferromagnesium compounds in the parent rock may 
vary wideljrin their minor element content, depending on their origin ; 
Í2) the rate of weathering may govern the supply of these elements. 
In Australia, fresh unmetamorphosed intrusions of dolerite, which 
contain augite and feldspars in abundance and weather readily, are 
associated with healthy animals. Igneous intrusions of gneisses that 
weather slowly and contain f erromagnesium of a different minor ele- 
ment content are associated with cobalt deficiency. Carroll assumes 
that ferromagnesium crystallized from a magma can differ materially 
from one crystallized from a gneiss and the theoretical requirements 
discussed above seem to support this assumption. Thomas {177) 
found that Australian soils derived from sedimentary rocks such as 
the sandstones are deficient in the heavy metals in the proportion that 
the rock is lacking in minerals rich in them. 

Data from several investigators {13, SS, 117,12%^ 151^ 170) indicate 
a low level of cobalt in limestones. The over-all range is 0.2 to 12.5 
p. p. m. of cobalt, with many values falling between 1.0 and 5.0 p. p. m. 
Stanton {170) found no correlation between the geological age and 
the cobalt content of a number of limestones. Maunsell {Iß^) re- 
ported that limestones of different ages did fall into certain groups 
with respect to cobalt content, but probably the presence of ultrabasic 
rocks in the neighborhood had more influence on the cobalt content 
than did age. Eesidual soils from limestones have up to a hundred 
times as much cobalt as does the virgin rock (63^ 161,170), McNaught 
{112) reported, on the basis of an extensive study of limonites of New 
Zealand, a cobalt range of 1.0 to 363 p. p. m. Several of these had 
been used in the treatment of cobalt deficiency in cattle. 

COBALT CONTENT OF SOILS 

It is frequently stated that Luynes in France was the first to detect 
cobalt in the soil. A report by Brongniart in 1836 (4S), however, 
shows that he found cobalt in a black sandstone vein far beneath the 
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actual soil. Concentration of cobalt in such a vein probably made its 
detection much easier than it would have been in the soil itself. Forch- 
hammer (7^) probably found cobalt in soils as early as 1855. Eobin- 
son (156) in 1914 published a number of determinations of nickel plus 
cobalt in some soils of the United States. 

Bertrand and Mokragnatz seem to have been the first to have def- 
initely determined cobalt alone in soils. Their work indicates that 
cobalt must be widely distributed, regardless of the kind or origin of 
the soil. In 1922 they reported (57) finding 28 p. p. m. of cobalt in 
a very fertile soil from Pantchevo (near Belgrade), Yugoslavia, and 
37 p. p. m, of cobalt in a garden soil at the Pasteur Institute in France. 
Bertrand and Mokragnatz reported on more extensive surveys in 1924 
(39) in which they had collected and examined soils from many places 
in France, Denmark, Italy, Germany, and Eumania. Although their 
samples were taken in 20 localities and from about 15 geological for- 
mations, including volcanic terrain in Italy, the range in cobalt content 
of the soils examined is narrow. The values reported vary from 0.3 
p. p. m., in the air-dry soil, to 11.7 p. p. m., and the distribution of 
values is very regular—that is, no one class predominates, McHargue 
(110) reported in 1925 that he had found 1.5 p. p. m. of cobalt in a 
hydrochloric acid extract of a virgin soil in Kentucky. 

DISTRIBUTION OF COBALT IN SOIL PROFILE 

There is some evidence of a definite distribution of cobalt throughout 
the mature soil profile. Bertrand and Mokragnatz (39), for example, 
found an accumulation of cobalt in the surface horizons of several 
soils and a leaching effect in the middle horizons (table 1). The dif- 
ferences are small, however, and their significance is not certain. 

TABLE 1.—Cobalt content of soil horizons in France'^ 

Locality _      Soil    - 
horizon Geological formation Cobalt in 

air-dry soil 

Cm. 
r      0-20 

<     20-40 
40-60 
0-20 

-   20-40 
40-60 
0-20 

^     20-40 
40-60 

Oligocène--- __    ______ 
P, V. m, 

4. 6 
Sainte-Chaptes  _ do  4 1 

_-_-.d0__-__ _._ 
Recent alluvium. __        _ 

5.5 
4. 7 

Aubord-^--^    __ -    ^ do 4 1 

Genolhac _^ -  _  

_----dö_----.--  
Disintegrated granites- —  

5.2 
2.4 
2 2 
3. 8 

1 Prom Bertrand and Mokragnatz (39), 

An accumulation of cobalt in the upper horizons of the soil is 
quite possible, as a result of normal soil-building processes. In fact, 
there is some evidence of such accumulations. In 1906, Kraut 
(101) reported the presence of cobalt in the ash of peats from Tan- 
nenhausen, Haidlinger, and Papenburg and of lignites from Bitter- 
feld and Ihringshausen in Germany. Goldschmidt (7^) reported 
large accumulations of cobalt in the ashes of coal.    Thus, although 
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he estimates a content of only 40 grams of cobalt per ton of the earth's 
crust, he found 1,500 grams of cobalt per ton of coal ash. He postu- 
lates that the insoluble compounds, such as those of cobalt, absorbed 
by vegetation and subsequently returned to the soil in dead vegeta- 
tive tissue are filtered off in the humus layer of the soil. An ad- 
sorption of this element by the organic colloids might also offer an 
explanation for its accumulation. • 

The data of Slater, Holmes, and Byers (166) also show that one 
or more of the upper horizons of several soil profiles have higher 
cobalt contents than do the lower horizons. The largest accumula- 
tion is not always in the first horizon (table 2), and some profiles, such 
as the Palouse silt loam and the Nacogdoches fine sandy loam^ have 
a distribution of cobalt somewhat similar to that of iron as a result 
of the podzolization process» The distribution of cobalt in the two 
profiles cited agrees in general with that in the soils examined by 
Bertrand (table 1). The quantities of cobalt reported by Bertrand, 
however, are somewhat higher than those reported by Slater, Holmes, 
and Byers.^ 

TABLE 2.—Cobalt content of soil horizons in the United States ^ 
Iln parts per million] 

Great soil group Parent material 
Cobalt in horizon— 

1 2 3 4 5 6 

Clinton silt loam- 

Colby silty clay 
loam, 

Marshall   silt 

Gray-brown 
podzolic. 

Chernozem.^- 

Prairie  

Chernozem- 
prairie. 

Prairie  
Lateritic  

Rendzina  

Gray-brown 
podzolic. 

Lateritic.  

Loessial  

--..-do  

--...do.-.- — 

..---do- — .. 

 .do_ _. 
Limestone ^  

. do ». 

Shale  

Heavy clays.. 

1. 1 

.2 

L9 

.6 

. 4 

.9 

L4 

.2 

LO 

0.2 

2.4 

0 

.6 

.3 

1,4 

.4 

LO 

1.6 

.2 

.9 

L7 

1.0 
.4 

.9 

.1 

.9 

1.7 

. 1 

.9 

1.9 

1.4 
,2 

.9 

. 1 

.9 

1. 6 

.1 0.2 

loam, 
Palouse silt loam- 

Shelby silt loam. _ 
Nacogdoches fine 

sandy loam. 
Houston    black 

L8 

. 1 

.2 
.2 

clay, 
Muskingum  silt 

loam. 
Kirvin fine sandy 

loam. 

. 1 

.6 

---- 

From Slater, Holmes, and Byers {Î66). 

EFFECT OF SOIL PARENT MATERIAL ON NUTRITIONAL DISORDERS IN 
ANIMALS 

Sound theoretical reasons for the abundance or scarcity of cobalt 
in certain kinds of rock have been advanced. There is additional 
evidence that the distribution of cobalt follows a sufficiently definite 

^ Slater et aL determined the cobalt soluble in hydrobromie acid and assumed 
that this reagent would dissolve that portion of the total cobalt in the soil 
available to the plant. It is not known if the hydrobromlc acid soluble is 
equivalent to the total cobalt. 
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pattern to permit certain assumptions as to the abundance or scarcity 
of this element in soils. The most thorough work has been done 
in New Zealand and Australia, although some reports have come from 
Englandj Scotland^ and the United States. 

Grange, Taylor, Eigg, and Hodgson (79) surveyed trouble regions 
in North Island, New Zealand, in 1932, before cobalt was known to 
be the limiting element. The Taiipo shower is typical of the many 
deficient soils of volcanic origin there. It consists of fragments of 
rhyolitic pumice, obsidian, banded flow rhyolite, shreds of glass, .and 
grains of quartz, feldspar, hypersthene, and magnetite. It is high 
in silicon, sodium, and potassium and relatively low in iron, mag- 
nesium, calcium, titanium, manganese, and phosphorus. Kidson 
(96) later found the soils in this area to be very low in cobalt (table 
S). The low contents of magnesium and iron are significant in view 
of the association of these elements with cobalt. Ash deposits in 
the deficient area were mainly rhyolitic in composition, whereas the 
showers associated with healthy animals contained andésite, which 
probably accounts for the differences in the quantities of magnesium 
in the soil. Clarke (54) reported the presence of nickel in andésite, 
which is significant in view of the known associations of nickel and 
cobalt. Kidson (97) found more cobalt in soils developed from 
andésite than in those from either granite or rhyolite. 

Grange also observed that farms in the deficient area were generally 
on lowland and upland flats or easy slopes and occasionally on mod- 
erate slopes. Wherever the slope was steep enough to prevent accu- 
mulation of the shower the land was suitable for pasturing stock.^ 

Volcanic showers are not the only geological formation associated 
with the incidence of cattle disease in New Zealand ; it has long been 
known that some of the granite country also is unsound. Askew and 
ßio-g Ißl) andRigg (iJi) reported that granite soils associated with 
"stock-ailment" (now identified as a cobalt deficiency) occurred^for 
the most part in hilly regions and frequently in steep ones. River 
flats derived from granite wash, however, were just as much affected 
as the hill country. Two other soil types in this locality developed 
on a different material are sound with respect to animal disease, al- 
though one of them, the Montere Hills type, is not a fertile soil. ^ This 
soil was developed from "much-weathered gravel deposits, consisting 
largely of claystone, sandstone, and grey-wacke." 

Other observations in this area indicate that pastures on loessial 
soils are much lower in cobalt than are those on alluvial soils, but no 
adequate description of the character of these materials has been 
presented. Askew (P) noted in the Nelson district of New Zealand 
that soils developed on granites were associated with cobalt deficiency 
in sheep. Wherever Miocene strata in addition to granite are encoun- 
tered, the soils are better. On some farms the Miocene strata are over- 
laid by a granite wash, which presents the same difficulties in con- 
nection with sheep as do the granite soils. Further work in this area 
by Stanton and Kidson {^71) confirmed these observations. On soils 
from limestones, basicTOcks, and slates, and of alluvial material, ani- 
mals were generally free from the nutritional disorder. 

Patterson ,(i^) reported a cobalt deficiency in soils derived from 
granite and certain sandstones in Devon and Cornwall. Those de- 
rived from Middle Devonian shales were good, however.   Beeson, 



TABLE S,—Cobalt content of some New Zealand soils {cobalt extracted by concentrated HCl)^ 

Soils associated with cobalt deficiency 

District and description 

Central North Island Volcanic: 
Kaharoa ash shower  
Taupo ash shower, sub-aerial deposition.. 
Taupo ash shower, water-sorted soils. _. 
Tarawera ash on Kaharoa, but disturbed 

by plowing. 

Waimea County, Nelson: 
Kaiteriteri sandy loam, Glenhope, 
Sherry loam L. 

Collingwood County, Nelson.^,  

Morton Mains  

1 From Kidson (96). 

Cobalt content 

Average 

P. p. m. 
0.9 
1.4 
1.2 
2.5 

0.4 
1.2 

2.0 

4.0 

Range 

P. p. n%. 
0. 8-0. 9 
1. 0-1. 8 
1. 0-1. 4 

0. 7-1. 8 

0,5-3. 5 

3. 3-4. 8 

"Good** soils 

District and description 

Central North Island Volcanic : 
Tarawera ash shower, a recent shower cov- 

ering some of the Kaharoa areas. 
Hamilton ash shower   

'    Alluvial soils derived in great part from 
volcanic ash. 

Ngauruhoe ash shower  
Resorted Kaharoa ash„„„, --. 

Waimea County, Nelson: 
Waimea stony loam  
Waimea clay loam  
Waimea loam  
Various loams  

Collingwood County, Nelson _  

Morton Mains  

Cobalt content 

Average 

p, m. 
5.4 

16.8 
5.3 

3. 0 
2.8 

25.5 
17.5 
15. 2 
25.4 

2.2 

5.5 

Range 

P. p. m. 
4. 3- 7. 0 

12. 5-22. 5 
2. 5- 9. 5 

17- 0-18. 0 
8. 5-19. 0 
2. 5-85. 0 

1. 5- 3. 0 

2. 8-8. 3 

o o 
> 

CO 
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Gray, and Smith (S5) showed that cobalt deficiency in the White 
Mountains of New Hampshire and on Cape God is associated with 
granite soils in both areas. Lyford, Percival, Keener, and Morrow 
(108) found that most of the cobalt deficiency cases in New Hampshire 
occurred on soils developed from granites. 

Thomas {176) has recently published a careful description of the 
"healthy" and "affected" soils on Kangaroo Island and in Kobe Dis- 
trict, South Australia. Most of the ironstone or ferruginous clay soils 
on Kangaroo Island not associated with animal ailments are derived 
from ancient pre-Cambrian metamorphic rocks. In many places the 
original character of these ferruginous soils has been altered through 
the transport of clay and fine silt fractions to the lower valley levels, 
leaving on the uplands a poorer soil consisting essentially of quartz 
sands and ferruginous "latérite." Thomas observes, however, that 
although the soils derived from the pre-Cambrian rocks may differ in 
fertility from place to place, they are invariably satisfactory as far as 
cobalt deficiency is concerned. 

^ The geological formations in South Australia which tend to be asso- 
ciated with cobalt-deficient soils, according to Thomas, are restricted 
to calcareous dune sands in various stages of consolidation and lacus- 
trine limestones, which are often derived from the same source. These 
dune sands consist almost entirely of comminuted marine shell frag- 
ments, which, with a little quartz sand, have been blown inland by the 
prevailing winds. The older dunes become fixed by vegetation and 
eventually are consolidated by solution and redeposition of the calcium 
carbonate. 

Thomas states that where the dune sands have become consolidated, 
there is a tendency for the calcium carbonate to be leached downward 
and to leave a surf ace layer of quartz sand, with such small amounts 
of argillaceous material as were originally present in the dune sand. 
The continued addition of decayed vegetable matter to this surface 
layer results in a poor class of light sandy soil. Poor as such soils un- 
doubtedly are, it is believed that they could be profitably cleared for 
sheep grazing were it not for the fact that cobalt deficiency is so pro- 
nounce. Their relatively high carrying and fattening capacity, espe- 
cially in early spring, has been repeatedly demonstrated. 

Soils derived from lacustrine limestones and marls in trouble areas 
are naturally somewhat more loamy or argillaceous, according to 
Thomas. Wliile admittedly poor in plant nutrients, they respond 
remarkably well after clearing and top dressing, although they remain 
deficient in cobalt. Thomas differentiates between these limestone 
soils, which contain up to 80 percent limestone, and the fertile residual 
soils formed from limestone, which normally contain very little cal- 
cium carbonate, if any. Eiceman, Donald, and Piper {I4S) reported 
in 1938 that vegetation on these calcareous dune sands responded re- 
markably to applications of copper sulfate, but they made no observa- 
tions as to any effect on the health of sheep grazing the pastures. The 
recent work of Crocker {60) confirms these studies on calcareous dune 
sand soils. 

Coastal soils high in calcium derived from shell fragments are re- 
ported (Sû) tohe associated with a disease of sheep and young cattle 
called "pine" on Tiree Island, Scotland. McNaught and Paul (117) 
noted a cobalt deficiency on a limestone soil in New Zealand.    The 
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soil liad been built up as a fan formation by redeposition of fine lime- 
stone particles, McDonald (109) also observed cobalt deficiency in 
relation to what he termed a "lime-humus" soil—a layer of black fri- 
able clay of variable depth and stoniness overlying limestone. The 
soil was normally flooded during the wetter months. 

Coastal areas or coastal plain areas of recent origin have been as- 
sociated with cobalt deficiency. Often deficiencies of other mineral 
elements, such as copper, complicate the picture. Ender (ßS) ob- 
served their frequent occurrence on sandy soils along the rainy coastal 
regions of Norway. Although copper deficiency is suspected in this 
district, that of cobalt is believed to be more critical. Boddie (4^) 
mapped several areas of cobalt deficiency in the sandy soils of the 
Hebrides. Where the soils were relatively high in organic matter, 
less trouble was observed. A number of coastal plain soils in Florida 
have been classified according to their cobalt deficiency (^5, 29^80). 
In general, the sands and fine sands have a much lower cobalt content 
•and are more often associated with nutritional deficiencies in animals 
than are the sandy loams. The good soils contain over twice as much 
silt and clay in the first foot and over three times as much in the second 
foot as do those soils in the "salt sick" area {If9). The trouble oc- 
curred on both calcareous and low-lime soils. 

All Florida soils have developed under rainfall which fluctuates 
between 30 and 80 inches, averaging about 50 inches. Both the "salt 
sick" and normal soils are notably deficient in plant nutrients and 
eobalt (^^), and careful management is required for normal yields 
of any crop. It would seem that the Florida soils bear little relation- 
ship to either the volcanic showers of New Zealand or the calcareous 
dune sands of Australia, except that some of the Florida soils, like the 
dune sands, are of marine origin. They are for the most part, how- 
ever, very acid, whether they are developed from calcareous forma- 
tions or from other materials. Most of the better soils are residual 
limestone soils. 

COBALT CONTENT OF SOILS ASSOCIATED WITH COBALT DEFICIENCY IN 
ANIMALS 

Kidson reported in 1937 {96) on the cobalt soluble in concentrated 
hydrochloric acid in a large number of New Zealand soils both free 
of and associated with cobalt deficiency. Her data cover the topsoil 
only, often the upper 3 inches and seldom to a depth exceeding 6 
inches. In view of the variations in the cobalt content of different 
horizons in the profile reported by other investigators, it is doubtful 
whether the cobalt in the surface layer of the soil is always a reliable 
indication of the cobalt content of the soil within reach of plant roots. 
Nevertheless, with a few exceptions, Kidson's data show that soils 
associated with animal ailments have comparatively low cobalt 
contents. 

Kidson's data (table 3) indicate that the Kaharoa ash soils, the 
Taupo ash soils, the Kaiteriteri sandy loam in Glenhope, and the Sherry 
loams all have cobalt contents below 2 p. p. m. Soils such as the Mor- 
ton Mains soils are much higher in cobalt than are some reputedly 
good soils. In fact, the cobalt range of the good Morton Mains soils 
—2.8 to 8.3 p.p.m.—is not significantly different from that of the de- 

871666—5 a 3 
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ficient soils—3,3 to 4.8 p.p.m.Kidson draws the obvious conclusion 
that there are differences in the availability of cobalt in these soils not 
detected by the concentrated acid extract, but "with few exceptions the 
use of dilute acids for cobalt extraction has placed the soils in the 
same order of cobalt status as that obtained with strong hydrochloric 
acid. Preliminary experiments have been made with water and car- 
bon dioxide extractions of different soils, but here again the cobalt 
figures did not provide an explanation of the anomalies under 
discussion." 

Harvey (5^) and Underwood and Harvey {18ß) likewise came to the 
conclusion that cobalt surveys have "not been sufficiently comprehen- 
sive to justify a decision as to the value of soil cobalt determinations 
as a guide to ^soundness.'." However, with few exceptions, the cobalt 
content of "affected" soils is much lower than that of either adjacent 
"healthy" soils or good soils in other areas (table 4). 

TABLE 4.—Cobalt content of some West Australian soils ^ 

COBALT-DEFICIENT AREAS 

Num- 
Description of soil 

Cobalt in air-dry soil 

samples Average Range 

5 
4 
2 

Wakundup gravelly sand—gray pliase ____: 
Wakundup gravelly sand—brown phase  _ _ 
Wakundup very gravelly sand        „ 

P. p. m. 
0. 6 
.8 

1, 1 
.4 
.3 

.6 

P.p. TO. 
0. 5—1. 1 

. 5—1. 5 
. 7—1. 5 

4 
4 

Kordabup sand, variable hardpan, gray sand___ 
Kordabup   sand,   well-defined   hardpan,   gray- 

black. 
Average      _      _    _ 

.2— .6 
a— . 5 
. 1—1 5 

POOR, NON-AGRICULTURAL SOILS ADJACENT TO DEFICIENT AREAS 

Plantagenet peaty sand_ _ _ _ _ _ 
Kwilalup sand, gray sand  
Willbay sand, gray-black sand 

Average  _ _ _ _ _ 

0. 2—0. 5 
. 4— . 5 
. 1— . 25 
. 1— .5 

^GOOD" AREAS ADJACENT TO DEFICIENT AREAS 

Alluvial and wash soils, brown silty sand loam_ 
Scotsdale gravelly loam, reddish-brown sandy 

loam. 
Scotsdale gravelly sand _ _ _ _  
Swamp soils, gray clay or loams. _ . _ _ :  
Latérite boulder areas, gray sandy gravel _ _.  
Koorrabup gravelly sand, gray sand_  
Koorundurup gravelly loam, dark chocolate  
Koorundurup very gravelly sand_____________ 

Average^  

1.6 
2.0 

-30.0 
-10. 0 

. 15— 5. 0 
1. 5 — 3. 2 
.7 — 1.2 
. 5 — 1. 5 

1.0 — 2.5 
. 15—32. 0 

"GOOD" AREAS IN OTHER LOCALITIES 

1 From Harvey (84). 
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Noteworthy are the two recordings in table 4 of a cobalt content 
higher for the loam in a soil series than for the gravelly sand (Scots- 
dale and Koorundurup). The data are too few, however, to permit 
any general deductions on the relation of texture to cobalt content. 

The data of Bertrand and Mokragnatz (89) indicate that the highest 
cobalt content of the soils they examined is associated with those 
developed from marls and alluvium. A low cobalt content, however, 
was not consistently found with any particular formation, with the 
possible exception of granites (table 1), Kidson (97) reported a 
high cobalt content in soils over serpentine and gabbros and a low 
content in soils over granite (table 5). 

TABLE S.—Cobalt content of some soils in Cornwall ^ 

Location of soil Character of underlying rock Depth of 
sample 

Cobalt 
content 

Goonhilly Down_   _ Serpentine 
Inches 

0-9 
12-24 
30-36 

0-9 
(?) 
0-6 

60-72 
0-6 

6-18 
6-18 

P. p. m. 
8. 0 

Do  
Do  "'"Ido''"'"''""'"."""" 

56.0 
96. 0 

Trelanvean  Gabbro-troctolite _ 22. 0 
Do   do  11.0 

St. Agnes __   _ Granite  
_^_do    -_ 

.6 
Do  4. 3 

Tregonning Hill  
Do .  
Do     „ __doa          

1.0 
1. a 
0 

1 From Kidson (97).        ^ Parent rock.        ^ j^ock fragments. 

Kidson noted that "rocks containing little magnesium gave soils with 
very low cobalt contents," which agrees with evidence already cited. 
She also noted a marked concentration of cobalt in a concretionary 
horizon rich in iron in Nigeria. The distribution of cobalt throughout 
the profile was as follows : Black surface soil (0-13 in.), 13 p. p. m. ; 
concretionary horizon (25-33 in.), 110 p. p. m.; mottled brown and 
white clay (41-59 in,), 6.3 p. p. m. On the other hand, highly leached 
soils in Malaya contained extremely small quantities of cobalt, despite 
the presence of lateritic iron concretions. 

In relation to animal diseases in England, Kidson reported that 
sheep grazing on a soil over granite containing from 2.8 to 3,7 p. p. m. 
of cobalt suffered from "bush sickness," while those on a soil derived 
from Devonian conglomerates or Middle Devonian shales containing 
11 to 30 p. p, m, of cobalt were healthy. Although the difference 
between the soils in the two areas is in accordance with the accepted 
facts on cobalt deficiency, it is also true that the low-cob alt areas 
contain as much or more cobalt than many good areas in both New 
Zealand and Australia. 

Similar results have been reported from Dartmoor, England, where 
Mooreland soils on which sheep suffer have a mean cobalt content of 
3.9 p. p. m., whereas the lowland soils on which sheep recover have a 
cobalt content of 16,7 p. p. m. Patterson {1S9) stated in 1938 that all 
the deficient areas of Dartmoor are on soils derived from granites. 
He found no evidente of podzolization, "but many of the soils occur 
on moderately steep slopes, and the constant wash of soil has pre- 
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vented the develapment of a mature profile." Good soils derived from 
shales were decidedly heavier in texture than were deficient soils. 
Patterson reported that a shale from Marley contained 15 p. p. m. 
of cobalt, and the soil derived from it 26 p. p. m, 

EFFECT OF COBALT ON PLANT GROWTH 

COBALT IN PLANTS OTHER THAN FORAGES 

The presence of cobalt in plants was probably reported for the first 
time by Legrip {lOS)^ a pharmacist of Chambón, who stated in 1841 
that he found it in the ash of Lathryus odoratus. His coUeagueSj 
however, "agreed that additional researches should be made to confirm 
it," which might indicate that they were not yet ready to accept such 
an unusual phenomenon as a plant containing an element like cobalt. 
Forchhammer (7^) reported in 1855 that he had detected cobalt in 
the ash of oak wood, but not in pine, birch, or any of the marine plants 
examined. His methods are so clearly described that confidence may 
he placed in the work. Smith (i^T') reported in 1903 that he had 
found cobalt in a flowering tree, Orites excelsa^. Br., w^iich grows 
in Australia and New Zealand. However, cobalt w^as found in only 
one tree, which had been growing in a district associated with a 
manganese-cobalt-iron deposit, and this particular sample of wood 
ash was also high in aluminum, manganese, and iron. Cornee {57) 
reported in 1919 that he had found cobalt in the acid-soluble portion 
of the ash of laminarles. Vernadsky {183) claimed in 1922 to have 
found cobalt in a number of mosses and other materials in the vicinity 
of Kiev, Eussia. 

The first systematic study of the occurrence of cobalt in plants is 
that of Bertrand and Mokragnatz (eî<5), published in 1922. In their 
examination of 20 samples of the edible portions of plants they found 
cobalt in all but 1 sample of carrots. They state, however, that their 
method of analysis was probably not sufficiently sensitive to determine 
the smali quantity of cobalt present in all samples. Frcm their more 
detailed work {IpO)^ Bertrand and Mokragnatz summarized their in- 
formation about the distribution of cobalt in the plant as follows : (1) 
There is a parallel between the contents of nickel and cobalt in the 
plant organ in the sense that a small, medium, or large quantity of 
nickel is accompanied by the same relative quantities of cobalt; (2) 
the parts of the plant have somewhat the relative standing shown in 
table 6 w^ith respect to their cobalt contents; (3) the integuments of 
the grain did not contain more cobalt than did the kernel, at least in 
the samples of wheat and oats examined. The largest quantity of 
cobalt reported by these investigators (2.13 p. p. m.) was foiuid in 
the chanterelle (C^f^niiÄ^ötr^ite {?i5anw5 Fr.), and cobalt, as well as 
nickel, was present in all plants examined, whether cryptogams or 
phanerogams. 

Other investigators who have reported the presence of cobalt in 
plants or foods of plant origin include Berg (^ö) in 1925 and Mc- 
Hargue (ii^*, 111) in 1925 and 1927. McHargue detected traces of 
cobalt in Kentucky bluegrass and in soybean leaves and seeds. Bishop 
and Lawreñz {Al) reported in 1932 that cabbag^e grown in a green- 
house in Norfolk, Cecil, or Hartselle soil gave a green ash of varying 
intensity, while that grown in Eutaw soil gave a white ash.    They 
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TABLE 6.—Cobalt content of different parts of a plant {moisture-free basis) ^ 

Relative 
standing Part of plant 

Cobalt content for several 
varieties 

Average Range 

1 Leaves _          _  _ _ _ 
P.p. m. 

0. 19 
.08 
.06 
.006 

P. p. m. 
0. 054-0 35 

2 Seeds . 002- . 36 
3       _    _  _ Fruits, roots, and tubers ^               . 005- . 20 
4     __ Shells 3  . 003- . 010 

^ From Bertrand and Mokragnatz (40). 
2 Organs having parenchymatous tissues. 
^ Strongly lignified parts, such as the shells of nuts and fruit stones. 

claim to have detected cobalt, but no nickel, in the green or blue ash of 
these plants. Robinson {1S6), however, has correctly pointed out that 
this color in the ash was due to manganese and not to cobalt. 

Spectroscopic examination of the roots and nodules of several 
species {Medieago satwa L., Astragalus sinieus L., Vicia faha L,, F, 
sativa L., Trifoliwm pratense L., Omithopws sativus Brot., Lupinus 
luteus L., and Glycine max Merr.) revealed the presence of cobalt, 
according to Konishi and Tsuge {100), These investigators detected 
no quantitative differences between the contents of the roots and of 
the nodules or between species. Eamage (14^) and Breckpot (iß) re- 
ported the presence of cobalt in plants in 1936—Eamage in St. Ignatius 
beans, and Breckpot in sugar beets. The more recent investigations 
of Grimmett (82) and of Ahmad and McCoUum (4) revealed the 
presence of cobalt in a number of common foodstuffs. Ahmad and 
McCoUum classified their samples according to the State from which 
they were received. Such a general classification, however, is of no 
practical value because the soil types are not given, and significant 
variations in soil types and their effects on plant composition may be 
greater within the political boundaries of a State than between soils 
of different States; Hurwitz and Beeson (90) have published analy- 
ses of the cobalt content of a number of foods of plant origin (tables 
7 and 8). 

TABLE 7.—Cobalt content of plants according to species  (moisture-free 
basis)^ 

Group Number 
of samples Cobalt content 

II_ 

III 

IV. 

Spinach  
[Mangel-beet leaves 
JBeet tops  
[Turnip greens  
ÍLettuce  

^ Cabbage ^  
[Cowpeas  
{Beets (roots)  
Sweet potatoes  
Corn, field  

20 
16 

9 
31 
11 
14 
18 

6 
13 
19 

P. p. m, 
2 0. 67±0. 05 

.40± 

.40± 

.34± 

.21± 

.19± 

.16=b 

.07± 

.03± 

.01 i 

05 
03 
04 
07 
03 
02 
01 
01 
002 

1 From Hurwitz and Beeson (90).    ^ Mean with standard error. 
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TABLE 8.—Cobalt content of turnip greens, according to natural regions * 

I^egion Number        Cobalt 
^f„^™^i„„      content 

East Gulf coastal plain  3       ' 0, io 
Atlantic coastal plain I_.._~ 2 [ 08 
Central lowland  2 ^43 
West Gulf coastal plain___  16 [41 
New England upland  7 * 3g 

^ From Hurwitz and Beeson (90). 

WATER-CULTURE STUDIES WITH COBALT SALTS AND THALLOPHYTA 

The effect on thallophytic organisms of cobalt salts, often considered 
only as metallic poisons in the early literature, has long been a subject 
of interest and study. One of the earliest reports was made in 1897 
by Richards {14d) who investigated the effects of a number of metal 
salts, including cobalt, on Aspergillus mgerMid PeniciUium glauoum. 
He used double-distilled water and recrystallized his salts and sugar 
several times. Although these precautions do not necessarily elim- 
inate all cobalt from the culture solution, he reported that additions 
of cobalt sulfate (C0SO4) up to 0.002 percent increased the growth 
and weight of the fungus. A concentration of 0,033 percent reduced 
growth below that made when no cobalt was added. 

Ono reported in 1900 {136) that in experiments designed to duplicate 
Eichards' conditions that a very small optimum concentration of co- 
balt favorably influenced growth of algae or of Aspergillus niger. 
The concentration of cobalt most effective for growth oi Hormidium 
nitem \wd.s 0A2 p. p. m. of the sulfate (C0SO4). Twice this amount 
gave no greater growth than did the check experiment, and additional 
mcrements i etarded growth. His results indicate, however, that in- 
creasing the cobalt from 17 to 140 p. p. m. of C0SO4 had very favor- 
able effects on the growth of Aspergillm niger in culture. Experi- 
ments with higher concentration were not reported, so that no opti- 
mum concentration was determined for this organism. According to 
Ono's data, there was a constant decrease in the quantity of acid de- 
veloped per gram of fungus with increased quantities of cobalt in the 
culture solution. With the highest concentration of cobalt (140 p. 
p. m. C0SO4) there was a decrease in the total acid produced. Clarke 
(S3) reported in 1899 that a solution of cobalt sulfate, M/256, resulted 
in normal growth of Aspergillus fiavus Link, while an M/8 solution 
was very toxic. Similar ranges were found for a number of fungi, 
but no favorable effects on growth of solutions of cobalt sulfate as 
dilute as M/2048 were reported. 

Zehl {193) in 1908 determined the effect of temperature on the 
toxicity of cobalt to various organisms. His experiments indicated 
that the minimum toxic concentration was four times as high as 12'' 
as at 40° C. He also found that the toxicity of cobalt was lower in 
the presence of other metallic salts, such as nickel and aluminum, and 
in the presence of boric acid. 

Mortensen {130) reported in 1909 that no toxic effect on Aspergillus 
mger was noted with concentrations of 0.2 to 3.0 percent of cobalt 
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chloride (C0CI2), but that higher concentrations (3 to 6 percent) 
increased the time required for sporulation or prevented development 
of the spore entirely. He stated that in gelatin nutrients 1 percent 
of C0CI2 was as active as a liquid nutrient containing half that quan- 
tity. 

According to Javillier (91), no action of any kind on the growth of 
SteHgmatoöystis niger could be attributed to cobalt in concentrations 
of 0.1 to 1.0 p. p. m. Steinberg {17ß) reported in 1920 on a series of 
experiments designed to determine the effect of cobalt and uranium 
on the growth of AsjMrgiUus niger. He added from 0.1 to 50 milli- 
grams of cobalt nitrate (Co (NO3) 2) to a liter of nutrient solution con- 
taining, in one set of experiments, 1.0 milligram of ferric phosphate 
and in another 0.1 milligram of zinc. In the iron experimenta he 
found that the yield of fungus decreased consistently with increasing 
additions of Co(N03)2, and the sporulation was practically nil. In 
the zinc experiment an increased yield was obtained with cobalt, but 
Steinberg states that "the increase obtained in combination with zinc 
may be due to the presence of traces of iron in the cobalt salt." He 
failed to find the increase in yields of the fungus claimed by Richards 
{149), Steinberg was the first to use a special method of purification 
of culture solutions to insure their practical freedom from the ele- 
ment being tested. 

Butkewitsch and Orlow (SO), on the other hand, reported in 1922 
that a 0.010 percent solution of cobalt sulfate stimulated growth of 
Aspergillus niger. For the first 4 days the growth in cobalt was less 
than in the control solution, but at 8 days the fungus grown in the 
presence of cobalt weighed about 50 percent more than that grown in 
the control. 

Hopkins {87) in 1930 reported that cobalt could not replace man- 
ganese in the nutrition of Ohlorella. Mokragnatz {129) reported in 
1931 that cobalt in concentrations of 1: 500 was slightly toxic and in 
concentrations of 1:250 definitely toxic to Aspergilliùs niger. Con- 
centrations of 1:15,000 to 1:1,500 had very little effect, although there 
was some evidence of toxic action. Horner and Burk found no evi- 
dence that cobalt could replace magnesium (55), molybdenum, or 
vanadium (89) in the nutrition of azotobacter. Nielsen and Hartelius 
{IS4) reported in 1935 that a mixture of a number of elements, in- 
cluding cobalt, stimulated growth of Aspergillus niger^ but the effect 
of cobalt alone was not determined. In 1936 Bedford {SI) defined the 
toxic limits of cobalt for A, niger SiS being between 1,500.and 1,600 
p. p. m. The same limits were reported for Pénicillium oxalicmn and 
P. expansum. Cobalt salts were less toxic to Pénicillium than mer- 
cury or silver salts, but more so than nickel, lead, cadmium, iron, 
manganese, or zinc. For Aspergillus the order was nickel, copper, 
cobalt, cadmium. 

WATER- AND SAND-CULTURE STUDIES WITH COBALT SALTS AND THE 
HIGHER PLANTS 

There seems to be little evidence, if any, that cobalt in pure culture 
solutions plays any part in plant metabolism, or that it can in any 
way be substituted for other cations. Bertrand and Mokragnatz 
(40) and Pereira {143) speculated on the possible catalytic action of 
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cobalt in plant cells. Any evidence they suggest, however, is indirect. 
Lundegardh and BurstrcSm {106) reported in 1935 that they could find 
no evidence that cobalt in concentrations of 0.035 to 0.212 millimol 
per liter had any effect on the basic respiration factor. Lack of such 
evidence may be due to difficulties in freeing other salts and materials 
used in making up the nutrient solutions from minute traces of cobalt 
present as an impurity, but the indications are that the most minute 
quantities of cobalt may inhibit plant growth to some extent. A 
summary of the available information on the effect of cobalt in pure 
cultures (table 9) shows that while concentrations of one to several 
parts per million of cobalt in the culture solution were not toxic, a 
concentration as low as 0.8 p. p. m. prevented normal development of 
the plant. 

TABLE 9.—Toxic concentrations of cobalt salts as defined by various 
investigators 

Variety of plant 
Cobalt in 
culture 
solution 

Remarks Investigator 

P. p. m. 
Corn (Zea mays) _ 

Do_._  

Do  

None 

1.6 

3.1 

7.9 

None 
0.8 

1, 6 

3. 1 
7.9 

2.3 

1.2  , 
9.2 
4.6 
2.3 

18.4 
9.2 

Do  

Beans  
Do  

Do  

Do  
Do  

Lupinus alba  

Do  
Pisum sativtim  

Do_„__.:___ 
Do„ 

Zea mays  
Do  

Blossomed at 55 days; growth 
normal. 

Upper leaves colored yellow at 
end of 10 days; entire plant 
yellow after 18 days; plant 
wilted in 31-55 days. 

Lower leaves wilted at end of 
10 days; tips of leaves turned 
brown in 18-40 days; plant 
wilted at 48 days. 

Lower leaves wilted at end of 
10   days;  all  leaves  turned 
brown   at   18   days;   plant 
wilted at 31 days. 

Normal  
Leaves   turned   yellow   with 

brown tips at 7 days; plant 
wilted   in   30-40   days;   no 
blossoms. 

Leaves   became   yellow,    but 
plant bloomed ; blossoms fell 
off   at    12-16   days;   plant 
wilted at 20-40 days. 

Similar to 1.6 p. p. m. Co  
All leaves strongly yellow at 7 

days; bloomed at  12  days; 
but dropped blossoms at 16 
days; plant wilted at 20 days. 

Limit   of   toxic   action;   plant 
would not grow in solutions 
containing   more   than   this 
amount. 

Apparently not toxic.„  
No growth after 24 hours  

do. 
Growth  continued  second  24 

hours. 
Toxic _..__. 
Growth  continued  second  24 

hours. 

Haselhoff (8S), 

Do. 

Do. 

Do. 

Do. 
Do. 

Do. 

Do. 
Do. 

Kahlenberg    and 
True (9^, 9S). 

Do. 
Heald (86). 

Do. 
Do. 

Do. 
Do. 
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TABLE 9.—Toxic concentrations of cobalt salts as defined by various investigators— 
Continued 

Variety of plant 

Wheat-.--  
Pisum sativum^ 

Do- 
Wheat-- 

Zea mays. 
Barley  
Wheat--- 

Rye...  
Barley-^  
Oats-_-  
Corn  
Peas_  
BeanSj bush- 
Corn  

Do  

Castor oil- 
Wheat  

Do- 

Po. 

Do. 

Lettuce  
Barley, mature__. 

Do--  
Broad beans  

Do_._  
Corn  

Do  
Tobacco seed- 

hngs. 

Cobalt in 
culture 
solution 

P.p. 'i 
88 
60 

600 
7 

147 
147 

i 2. 9 

12.9 
129.5 

12. 9 
129. 5 
129. 5 
129.5 
12.9 
12.5 

3.9 
589 

295 

29.5 

5.9 

.01 
1 
.5 
.02 
.01 

3.0 
8.0 
5.0 

Remarks 

Very toxic .  
Co substituted for Fe in nutri- 

ent solution; swelling of 
roots, but root development 
slight; several bare spaces 
and an aborted root growth. 

Definitely toxic  
Minimum toxic concentration-. 

Toxic  
 do -  
Minimum concentration show- 

ing definite toxicity in sand 
culture. 
 do  
 do  
 do  
.._.._do .  

;""do""'"]II""I--I]"'I" 
 do  -. 
No toxicity noted  

No toxicity  
Extreme toxicity; plant died in 

36 hours. 
Severe toxicity; plant died in 7 

days. 
Mild toxicity; plant died in 3 

weeks. 
Feeble   toxicity;   plant   com- 

pleted life cycle, but yield 
was low. 

Apparently no toxic effect  
Toxic  
No effect on growth  
Toxic _-,__-___---_. 
No effect on growth  
 do -- 
Toxic  
Chlorosis.--  

Investigator 

Coupin (59). 
Ducloux and 

bañera (64), 
Co- 

Do. 
Free and Trelease 

Pirschle (14^), 
Do. 

Scharrer      and. 
Schropp (162),. 

Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 

Lundeofardh    and 
Burström (lOö), 

Sempio (164)- 
Singh and Prasad 

(165). 
Do. 

Do. 

Do. 

Arnon (6). 
Brenchley  (47). 

Do. 
Do. 
Do. 

Bastisse (27), 
Do. 

Spencer (169), 

1 In these experiments minute amounts of cobalt retarded plant growth. The 
limiting values given here indicate the point at which marked diminution of 
growth occurred, 

A few of the results compiled in table 9 will be discussed briefly.. 
Kahlenberg and True {9^, 93) and Heald {86) undertook to prove 
by their experiments that "the poisonous property of a very dilute 
solution is due to the ions it contains, and if at the particular dilution 
in hand only one physiologically active ion is present, the effective- 

^ ness of the solution is to be attributed to that one ion." They tested 
this theory for a number of ions and determined, for example, that 
the toxic limit for cobalt as either the sulfate or the nitrate was about 
1/12,800 gram equivalent per liter.   In a solution more concentrated 
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tlian thisj Lupinus alha was killed, or no measurable growth of roots 
was detected in 24 hours. Experiments such as this, however, are 
of very limited value, for although root growth may occur in the 
solution described, yet no evidence was obtained of the effect on the 
normal growth and development of the plant and its seed. Thus, 
Haselhoff (85) reported in 1895 that corn {Zea mays) and beans 
would grow in solutions containing nearly 8 p. p. m. of cobalt, but the 
plants eventually wilted and did not bloom, even when grown in solu- 
tions containing as little as 1.6 p. p. m. of cobalt. The failure to 
measure the adverse effects of cobalt solutions on the normal develop- 
ment of the plant through maturity is common to several reports (7A, 
JOS, 16£) cited in table 9. 

^ In some investigations {S9^ 6i^ llß) large quantities of cobalt were 
cited as being toxic, but no attempt was made to determine whether 
or not smaller quantities were less toxic or did no harm. The only 
investigators to report on a concentration of cobalt that permitted 
the normal development of the plant and the seed were Singh and 
Prasad {165). In 1936, they reported that wheat plants did not sur- 
vive in any cobalt solutions greater than 0.0001 M. In this solution 
a slight toxicity was noted, but the plants completed their life cycle 
with earlier ear formation and a lower final dry-matter yield than 
obtained with the control. 

Scharrer and Schropp {162) in 1933 measured the growth of a num- 
ber of species in both sand and water cultures containing cobalts. 
They noted^ a slight retardation of growth, even with the most dilute 
cobalt solution used (10-^ milliequivalent of cobalt per liter), in nearly 
every case, with the possible exception of corn grown in sand culture. 
The data, except those for peas and beans, however, are variable. 
Thus, in.a sand-culture experiment using a solution containing 10-^ 
milliequivalent of cobalt, a yield equal to or better than that of the 
control was obtained with wheat, rye, barley, oats, and corn. In 
every instance, however, yields of dry matter were definitely lower 
when, the concentration of cobalt was 10-^ milliequivalent per liter, 
and a concentration of 1 milliequivalent was definitely toxic. The 
experiments were not extended to include measurements at maturity 
of the plants,^ a very important consideration, for in most of the 
experiments cited by these investigators the reductions in yields of 
young plant material appear to be small, and it would be desirable 
to know what the effects were on yields of grain or seed. 

^ Sempio (i^^) reported in 1935 that in most cases M/15,000 solu- 
tions of cobalt èhowed the ability to inhibit almost entirely the for- 
mation of tumors on castor-oil plants inoculated with Bacterium 
tmnefaciens. He found that it was necessary before inoculation for 
the plants to have absorbed a certain quantity of the metal, or rather 
to be given time to "form organic compounds of cobalt which can 
eventually exercise strong defensive action." The salts of cobalt 
themselves apparently had no effect on the organism, for "Baoteriiim 
turnefaöien$^hd.d for more than eight hours in suspension in a M/600 
solution of cobalt and streaked on agar, shows scarcely any damage 
by_ the metal." The M/15,000 solutions of cobalt did not appear to 
hijure the plant. 
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Toxic action of cobalt salts was reported also by Nemec and Babicka 
{ISS). Maier {118), Schropp and Scharrer {16S), and Arnon C^) 
used cobalt in nutrient solutions. They noted no toxic effects with 
the very dilute solutions (about 0.01 p. p. m. of cobalt) and in the 
presence of other elements. No favorable effect was ascribed to the 
presence of cobalt by Maier {118)^ who studied the elements individ- 
ually as well as in groups. 

EXPERIMENTS WITH COBALT SALTS AS SOIL AMENDMENTS 

Contrary to the results obtained with pure culture experiments, 
there have been scattered reports of increased yields from adding 
cobalt salts to soils. For the most part, however, these results have 
been negative or even adverse to plant growth. This is to be expected 
if one considers that if this element is essential it must be so in such 
small amounts as to be almost impossible of measurement by present 
methods. It is hardly conceivable that such small quantities, if 
required, are often lacking in soils in view of the probable widespread 
occurrence of cobalt. It seems natural, therefore, to expect no positive 
results from the use of cobalt as a fertilizer. 

Fukutome {76) reported in 1904 that 0.02 gram of cobalt sulfate 
per 8 kilograms of soil exerted a stimulating effect on flax. Quan- 
titatively the effect was about the same as that obtained with iron 
and manganese, and there is no evidence that these two elements were 
not impurities in the cobalt salt used. Nakamura {ISl ) also reported, 
in 1901, that he had obtained slight stimulative action with 0.01 gram 
of cobalt nitrate in 2,300 grams of soil. He noted a slight stimulative 
action on the leaves of Brassica chinensis, although the root system 
was smaller than that of the control. There is no statement as to 
the purity of the salts he used, and he says "in no case was the stimulat- 
ing action of any considerable importance." In fact, the number of 
experiments was so small that the differences might well have been 
ascribed to experimental error. 

The nature of the toxic effect of cobalt on plant growth has been 
studied by Somers and Shive {168), According to these workers, 
cobalt has a strong tendency to reduce the metabolic eíBciency of iron. 
Thus, a high concentration of cobalt in the nutrient solution reduced 
the soluble iron in the plant. Consequently, iron deficiency symptoms 
appeared. Millikan (1^4.) has also observed this effect. He reported 
that 1 milligram of cobalt per liter of nutrient solution induced an 
iron deficiency chlorosis. This could be prevented by additional iron 
or by adding 10 mg. of molybdenum per liter. Investigations on the 
effect of molybdenum on cobalt absorption reported by Oertel, Pres- 
cott, and Stephens {1S7) confirm the antagonism of molybdenum in 
soil as well as in nutrient solution cultures. 

According to Petri {Ul) in 1910, cobalt added to the soil in which 
olive trees were growing had decidedly toxic effects on them. The 
leaves turned yellow or fell off, and the limbs assumed a dirty yellow 
color. There was a progressive shortening of the internodes; and 
the youngest shoots not only were checked in their growth, but several 
were entirely withered. When cobalt was no longer added to the soil, 
the symptoms of poisoning disappeared.    Roxas (158) in 1911 failed 
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to obtain any definite stimulation of rice i^lants (soil-sand mixture 
in pots) when cobalt was added in concentrations of M/50,000 to 
M/1,000. ^ Free (7S) in 1917 could detect no toxic symptoms in 
Pelargonium zonale grown in soil in the greenhouse when 500 p. p. m, 
of cobalt sulfate was added. 

Gedroitz (7^), in an obscure Eussian journal, claims to have ob- 
tained in 1933 a stimulative effect when cobalt and other elements 
were present in the soil adsorptive complex. It is not clear from 
the abstract of the report whether the effect of cobalt alone was studied 
or whether all of the elements were added to the soil together, Knott 
{99) in 1934 added cobalt sulfate (CoS04-7H30) to a muck soil in 
New^ York at the rate of 300 pounds per acre. He observed no 
significant effects of cobalt, unless the slightly lower yields obtained 
were indicative of toxic effects. Purvis and Ruprecht {ll^lp) state in a 
brief report that cobalt proved decidedly toxic to celery plants, 
although a later report {US\ indicates that a combination of manga- 
nese, zinc, and cobalt gave significantly increased yields. The effect 
of cobalt alone, however, was negative, according to these investigators. 
Krisciunas {lO'Z) in 1936 reported that he could find no effect ascrib- 
able to cobalt on the yield of sugar beets. Young {192) reported in 
1935 that cobalt, even in concentrations of 0.1 p. p. m., was slightly 
detrimental to timothy growing in Merrimac coarse sandy loam in 
pots. Neither Kessel and Stoate {95)^ in 1936, nor Dunne (fô), in 
1938, could detect any benefit to diseased trees from solutions of cobalt 
applied to the soil. 

Samuel and Piper {160) reported in 1929 that manganese was not 
replaceable by cobalt in plant nutrition. Riceman and Donald {W) 
reported in 1938 that 5 pounds of cobalt chloride per acre had a de- 
pressing effect on the growth of wheat, oats, and barley. Rye did not 
seem to be affected so far as the grain yield was concerned, but the yield 
of straw was depressed. Zelenov {19k) could find no beneficial effect 
of cobalt on the growth of flax or oats. Stewart, Mitchell, and Stew- 
art {173) reported that 40 pounds of cobalt chloride (CoCls-eH^O) 
per acre had no visible effect on yield of pasture herbage, but that 80 
pounds markedly depressed growth of both grasses and clovers. 

COBALT IN PASTURE HERBAGE IN RELATION TO ANIMAL 
GROWTH AND HEALTH 

As cobalt is of concern primarily in the nutrition of ruminants, its 
occurrence in forages is important. By far the most extensive inves- 
tigations on this subject are reported from New Zealand and Aus- 
tralia, where systematic surveys of deficient areas have been conducted 
for several years. The general ranges of cobalt supply in forages and 
their effect on animal health have already been presented. The values 
that have been reported in the literature are presented in table 10. 
These values are for pasture herbage, and represent more than one 
species in most cases. It is apparent that the levels for deficient areas 
agree with the ranges given on page 6. One set of values, that from 
the Cheviot Hills of Scotland (J5), seems unusually high. In gen- 
eral, it is evident that the cobalt content of a pasture is relatively low 
as compared with the usual levels of other mineral elements, and the 
range of values reported is, likewise, relatively narrow. 
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TABLE 10.—Cobalt content of pastures {moisture-free basis) 

Cobalt in- 

Location Good pastures Deficient pastures 

Mini- 
mum 

Maxi- 
mum 

Aver- 
age 

Mini- 
mum 

Maxi- 
mum 

Aver- 
age 

New Zealand Ï (il^)_    __    
P. p. m, 
0.06 
.03 

P.p.m. 
0. 12 
.21 

P.p.m. 
0.08 
.07 

P. p. TO. 
0.03 
.03 

P. p. m. 
0.04 
.05 

P. p.m. 
0. 03 

Nelson, New Zeaiand (171)  
Sherry   River   Valley,   New   Zea- 
^  land(ö)__      

.04 

. 04 
Glenhope, New Zealand (10)   __  _. .04 

.03 

. 05 

.03 

.07 

.04 

.01 

.02 

.07 

.07 

.07 

.06 

. 19 

.25 

.08 

.07 

. 05 
Do. (7) . .20 

.06 

.07 

'~.'Ö6' 
.03 
.04 
.03 
.03 
.03 
tr. 

1.00 
.25 
. 11 

'L'26' 
.26 
.30 
.43 
.30 
. 18 
.20 

'Vis' 
.09 

'".'26' 
. 11 
.13 
.18 
.16 
.13 

Nelson, New Zealand {19}       __   _  _ . 07 
Glenhope, New Zealand (19) ■_ 
Morton Mains, New Zealand (19)^.. 
New Zealand {20) ^^ 

.04 

. 14 

. 09 
North Island, New Zealand (113)^.. 
Denmark District, Australia (18B) _ - 

Do. (182)..    . 

.04 

.04 

Do. (84)     _  _ .03 .07 . 06 
Australia (84)             -  ~      -     - 
Cheviot Hills, Scotland (58)  
Wales, England (i75) ¡  

tr. 
.02 
.02 
.03 
.02 

. 10 

.20 

.08 

.09 

.07 

~'".'Ö5 
Town of Albany, N. H. (Sô),±  
Buzzards Ba}^, Mass. (So)  
Hoffman Forest, N, C. (35)  
Arnot Forest, New York (So)  

.07 

. 10 

.04 

.07 

.06 

.07 

.07 

.08 

. 10 

.07 

. 12 

.08 

. 13 

.25 

.07 
, 10 
.06 
. 10 
.07 
.10 

.05 

.06 

.04 

Maine2 (55)__ ._.    _ 
Do.3  

Norway (67) ^^ /_  
Connecticut (187)   ¿    _ 

.03 
. 02 
.02 

.08 

. 13 

.07 Scotland (ÁE)     
1             1 

^ Limestone soil.    2 Native pasture. ^ Imx )roved ] pasture. 

The data in table 10 indicate that at times the cobalt content of a 
pood pasture may drop significantly below 0.07 p. p. m., wliile that of 
^affected" pastures frequently exceeds this amount. The importance 
of the average value throughout a season must therefore be empha- 
sized. Altliough the data may be too meager to permit any definite 
limitations to be set, it is entirely possible that an average value 
throughout the year greater or less than 0.07 p. p. m. of cobalt might 
represent the minimum level for health in ruminants. This is the 
conclusion, at least, that might be drawn from the data in the table. 
It may be possible that one pasture could supply enough cobalt early 
in the spring to insure the health of an animal throughout the year, 
while the value of another pasture might depend upon a more constant 
but smaller supply throughout the season. Such differences might 
be expected with differences in climate or soils. 

It is of interest, for example, that Harvey (84) reported in 1937 
that a "healthy" pasture in Brunswick, Western Australia, contained 
only 0.03 p. p. m. of cobalt, although the average of all healthy pas- 
tures was 0.13 p. p. m. Apparently single samples were taken. Also, 
as Harvey points out, "the plant material does not necessarily provide 
the only source of elements required for normal health in grazing 
stock,"    No estimate has, been made, however, of the quantities of trace 
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elements that an animal might obtain directly from the soil. Under- 
■ wood and Harvey {182) state that "it is necessary for animals to be 
pastured for many months on low-cobalt herbage before signs of 
deficiency become apparent. It is obvious that where they have oc- 
casional access to soils and herbage of much higher cobalt status, no 
sign of disease could occur." 

EFFECT OF SEASON ON COBALT CONTENT OF HERBAGE 

The apparent discrepancies in values for desirable cobalt levels in 
pasture herbage call for an examination of the published reports on the 
effect of climate or season. Several investigators have reported inci- 
dental studies of this factor. Few, however, seem to have conducted 
objective studies of the problem in which climatic factors, physiologi- 
cal age of plant, and other possible influences were considered. Con- 
sequently, the results are not in agreement. It has been reported 
generally (7, ii, i^, 19^ %0^ W6) that the cobalt content of pastures 
top-dressed with cobalt is markedly reduced as the season advances 
and the time after treatment increases. This might be expected to 
occur as the plant matures, or as the added cobalt disappears or be- 
comes unavailable. Some investigators have reported a slight reduc- 
tion in cobalt in untreated pastures in the fall as compared with the 
spring levels {11, W, >S8, 98, 117, 1%5). Others {10, 11, U, 19, 1%1, 
160) have reported no significant change during the season. Mc- 
Naught {US, 116) reports a definite minimum value in midsummer, 
particularly in good pastures. 

Beeson, Gray, and Smith (J15) made a study of the cobalt content 
of the leaves of Arundinaria tec ta, a reed used for forage, in North 
Carolina at monthly intervals for a year. In this study climatic fac- 
tors were confounded with the age of the plant, and only one part, 
the leaf, was used for analysis.    The data (table 11) show no marked 

TABLE 11.—Composition of reeds in North Carolina Coastal Plain region 
{moisture-free basis)'^ 

Cakium at— Pliosphorus at— Manganese at— Cobalt at— Protein at— 

Date 
Wen- 
ona 

Hoff- 
man 

Forest 
Wenona 

Hoff- 
man 

Forest 
Wenona 

Hoff- 
man 

Forest 
Wenona 

Hoff- 
man 

Forest 
Wenona 

Hoff- 
man 

Forest 

1943 
Jan. 13 __ 
Feb. 13_. 
Mar. 14__ 
Apr. 22. _ 
May 22__ 
June 19 _ 
July 16__ 
Aug  
Sept  
Oct  

Percent 
0. 46 
.39 
.46 
.09 
. 15 
. 17 
.28 
.31 
.34 

Percent 
0.37 
.46 
.36 
.30 
. 18 
.24 
.34 
.37 
. 46 
.42 
.35 

Percent 
0. 100 
.118 
. 112 
.398 
.284 
. 173 
. 174 
. 163 
. 153 

.078 

Percent 
0.071 
.076 
.060 
. 090 
. 138 
. 103 
.093 
.082 
.086 
. 105 
. 104 

P.p.m. 
320 
334 
507 
290 
154 
121 
224 
205 
328 

113 

P. p.m. 
72 

135 
108 
120 
86 
71 
88 
75 

110 
119 

69 

P.p.m, 
0. 06 
.07 
.04 
.07 
.05 
.07 
.06 
.05 
.04 

.06 

P.p. m. 
0.02 
.07 
.04 
.06 
.02 
.02 
.05 
.04 
.02 
. 03 
.05 

Percent 
9. 90 

10.50 
11,57 
20. 14 
18.81 
15. 68 
15.41 
16.44 
14.37 

9.65 

Percent 
9. 37 

10.64 
8.40 
9.44 

12.06 
10.44 
10. 12 
9.30 
9. 30 

10.76 
12.09 Nov. 30 

1944 
Jan. 4_ _ _ .35 

1 From Beeson, Gray, and Smith (SS), 
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changes in cobalt content throughout the year. In general, many of 
the conclusions on the effect of season or climate are based on a rela- 
tively small number of samples and variations that do not depart 
materially from normal. 

EFFECT OF COBALT TOP DRESSING ON COBALT CONTENT OF HERBAGE 

The diíBculties and expense connected with the use of drenches in 
the treatment of cobalt deficiency diseases led naturally to attempts 
to increase the cobalt content of pastures by fertilization. For the 
most part the results have been satisfactory, although, as might be 
expected from the effect of cobalt salts on plants, the yields of pastures 
(especially the white clover content) frequently have been depressed 
{17,178,192), 

Eossiter, Curnow, and Underwood {1S7) made a careful study of the 
effect of three levels of cobalt per acre on the cobalt content of sub- 
terranean clover at three stages of growth. An application of 4 ounces 
of cobalt sulphate (OoSO^-THgO) per acre resulted in a sixfold in- 
crease in the cobalt content of the clover at bud stage. In general, the 
application of cobalt had a more dominant effect on cobalt in the plant 
than did stage of maturity. 

Table 12, which summarizes the experience of several investigators 
with the use of cobalt top dressing, shows that, in general, not more 
than 2 pounds per acre of a salt such as the chloride (CoCls'ôHaO) i? 
required to prevent cobalt deficiency in sheep. Such an application 
seems ample for at least one season, and there is some evidence of a 
longer residual effect. 

A cobaltized superphosphate to insure better distribution and 
greater convenience of handling cobalt salts was proposed by Askew, 
Eigg, and Stanton {22) in 1938. They found that adding cobalt at 
the rate of 1 pound per hundredweight of superphosphate gave a 
dry, free-running material. The availability of the phosphorus was 
reduced slightly, but storage resulted in no reduction in the solubil- 
ity of the cobalt. Mixing cobalt chloride with basic slag and other 
materials giving a high pH in water suspension resulted in lowering 
the solubility of the cobalt, and this was further reduced upon stor- 
age. Askew {S) has shown that an aqueous'extract of 0.1 gram of 
Cobalt phosphate (Co3(P04)2-8H20) contains 2.45 micrograms of 
cobalt in 1 liter. The compound was readily soluble in an aqueous 
solution at pH 2, however. Several investigators (table 12) have 
used cobaltized superphosphate with good results. In view of the 
small quantities of cobalt required and the general use of superphos- 
phate on pastures, the combination seems worth further considera- 
tion. 

Certain experiences with top dressing to improve the cobalt status 
of pastures should be emphasized. Some investigators (i, 17^127) 
have observed that limestone applied with the cobalt resulted in less 
cobalt being absorbed by the plants. Watson {189)^ however, re- 
ported that limestone had no effect on the cobalt content of pasture 
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TABLE VI.—Effects of cobalt top dressing on cobalt content of pasture herb- 
age {moisture-free basis) 

Cobalt 
applied 

per acre i 
(pounds) 

Efíect on sheep grazing tlie 
pasture 

Cobalt content of pasture 

Untreated Treated 
Remarks 

2. 

¥2. 

2. 

10.. 
%-~y2- 

Ko-2_ 

K-2__ 

2  

10. _ 

iHo 

V2  
10-100. 
2  

2-80__ 
2-112. 
iKo-- 

Good (2, 3)  
Corrected and pre- 

vented deficiency 
(174). 

Corrected deficiency 
on granite soils (6). 

Corrected deficiency 
(19). 
 do  
Good (43) _. 

P. p, m. P. p. m. 

0. 05-0, 07 0. 13-0. 20 

Good (173). 

Good (14)-- 
Good (i^).. 

,06 

,11 

1.03 

. 51-0. 83 

Good (63, 151). 

-. (1S2)  

Corrected deficiency; 
improved wool (14) 

__ (150)  

.08 

.03 

. 22-0, 96 

1.02 

Corrected deficiency 
for 2 seasons {125), 

Good (öi).__.  

- (115). 

Good (114)  
__(7, Í7)_„__  
Striking improvement 

within 30 days (11^ 
19). 

__ (128)  
..{20)  
__ (98) _. 

.02 
, 22-1. 26 

.20 

.08 
L26 

2.00 

.20 
4. 2-37. 7 

6,7 

, 22-3. 20 
6. 45-37, 7 

Observed for 2 seasons. 

% lb. better than }4 lb. 

Very deficient area. 
After 1 year 0,14 p. p. 

m. 
Amounts  beyond  this 

not economical. 

Effective through 2 
seasons. 

Cobaltized superphos- 
phate. 

Increased Co content 
of Trifolium subter- 
7'aneum several fold. 

Cobaltized superphos- 
phate. 

Increased   Co  in  pas- 
ture. 

Do. 

Top-dressed pasture 
contained 12 times 
as much Co as con- 
tro!. 

Effective increase in 
Co content of pas- 
ture for 6 months. 

Granite sou. 

Increase in Co content 
of various crops. 

1 Generally CoOh-eHsO. 

herbage. Rigg {^51) found that 3 tons of ground limestone con- 
taining approximately 5 p. p. m. of cobalt caused an increase in the 
cobalt content of pasture equal to that of an application of 4 ounces 
of the sulfate. Askew {13)^ however, observed that lambs developed 
deficiency symptoms when pastured on herbage that had been 
limed with material low in cobalt.    The pasture treated with super- 
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phosphate alone was superior in cobalt content to the limed pasture, 
Beeson, Gray, and Hamner, {Slf) observed that liming did not de- 
press the absorption of cobalt by soybeans from the Norfolk fine 
sand. The normal cobalt content of this soil is very low, and the 
soybeans contained 0.02 p. p. m. of cobalt in the dry material. How- 
ever, if soluble cobalt salts were added with the limestone less cobalt 
was absorbed by the plant than in the absence of limestone. 

Two applications of 2 ounces each of cobalt sulfate per acre in 
two successive seasons gave slightly better results than one applica- 
tion of 4 ounces, according to Askew {H). At the end of the first 
season, the 4-ounce application showed a superiority over the smaller 
one. The effect on the live-weight increase of sheep with cobaltized 
superphosphate, which provided 16 ounces of cobalt sulfate per acre, 
was more pronounced and extended through three seasons. Further 
reports by Askew {15) support the practicability of using 4 to 5 ounces 
of cobalt sulfate (CoS04*7H20) per acre, although applications of 
2 ounces each in two consecutive years gave better results than a 
single 4:-ounce application. 

Askew (i^, tS) reported also that there is no evidence that the 
sulfate, carbonate, and phosphate of cobalt differ as top-dressing 
material. He noted that 500 to 1,000 pounds of serpentine was 
satisfactory as a cobalt carrier. Maunsell and Simpson {MS) found 
that satisfactory carriers of cobalt include double superphosphate, 
a reverted (15 percent lime) superphosphate, various mixtures of 
superphosphate and lime, serpentine and superphosphate, beach 
sand, pumice sand, and a water solution. Andrews and Prichard 
(5) were successful in applying a water solution of cobalt by spray- 
ing it from an airplane. They top-dressed the soil at the rate of 20 
ounces of commercial cobalt sulfate per acre, using a saturated solu- 
tion of the salt. They found that cobalt can be distributed over 
flat country evenly and accurately under calm weather conditions. 
Winds up to 15 miles an hour did not interefere. 

EFFECT OF DIFFERENT PLANT SPECIES ON COBALT CONTENT OF 

PASTURE HERBAGE 

Askew and Dison {17) grew dogstail, ryegrass, and sweetclover 
in pots. The cobalt content of dogstail was slightly lower than that 
of either of the other two species. Kidson and Maunsell {98) re- 
ported very little difference in the cobalt content of rape leaves and 
turnip leaves, but they found much less cobalt in the oat plant. 
These materials had been grown in outdoor plots. Mitchell {W6) 
found both oat straw and grain very low in cobalt, as compared with 
ryegrass or red clover, with timothy intermediate. Beeson, Gray, 
and Adams {S3) determined the cobalt content of a number of com- 
mon grasses, all grown under uniform conditions (table 13). Tim- 
othy, one of the most common constituents of hay in the northern 
United States, is very low in cobalt in comparison with other grasses. 
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TABLE 13,—Cobalt content of grasses grown on Dunkirk fine sandy loam, 
first cutting (moisture-free basis)^ 

(brasses Cobalt content a 
High-cobalt group : p.p. m. 

Kentucky bluegrass (11) 3__„ ^  0. 13±0. 01 
Kentucky bluegrass (I)*-.. I !l4±  !o2 
Carpet grass *  ' ] 13^  [ 02 

Medium-cobalt group: 
Bromegrass ^__-_^  . 09± .01 
Quackgrass s  [ 09=h  ! 01 
Bahia grass (I)  . 08±  .01 
Johnson grass  .08± .01 
Bahiagrass (II) ___^ "~ [ 08±  ! 01 
Yasey grass  , 08±  .01 
Redtop _ _ ^08±  .01 
Timothy.  , 08zb  .01 
Orchard grass  .08±  .01 

Low-cobalt group: 
Para grass _   . 07± . 01 
Dallis grass  .07± .01 
Bermuda grass  [ 07±  ! 01 
Natal grass  .05±  .01 

1 From Beeson, Gray^ and Adams {S3), 
2 Mean and standard error. 
3 Significantly different from bromegrass at the 1-percent level. 
^ Significantly different from para grass at the 1-percent level, 
^ Significantly different from natal grass at the 1-percent level. 

RELATION BETWEEN SOIL COBALT AND COBALT CONTENT OF PASTURE 
HERBAGE 

Askew and Maunsell {ßO) could find no relationship between the co- 
balt content of the soil and that of the pasture herbage growing 
thereon. For example, herbage on a Nelson soil containing 41 p. p. m. 
of cobalt was lower in cobalt throughout the season than that growing 
on an Appleby soil containing 18 p. p. m. of cobalt. This was later 
confirmed in the work of Stanton and Kidson (171), They grouped 
these soils into three classes and found that the cobalt content of the 
herbage increased slightly, but not proportionally, as the cobalt con- 
tent of the soil group increased (table 14). 

TABLE 14.—Relation of soil cobalt to cobalt content of New Zealand pasture 
herbage (moisture-free basis) ^ 

Group 
Cobalt in soil Cobalt in herbage 

Maximum Minimum Average Maximum Minimum Average 

I  
P.p. m. 

2.0 
4.9 

19.4 

P.p. m. 
0.7 
2. 1 
5.2 

P. p. m. 
L2 
3.4 
9.2 

P.p. m. 
0.07 

. 12 

.21 

P. p. m. 
0.03 
.03 
.03 

P. p. m. 
0.04 
.06 
.08 

II  
III  

1 From Stanton and Kidson (Í7Í), 

Mitchell (i^^), however, feels that variations in the cobalt content 
of vegetation due to sampling difficulties, season, or contamination 
are so important that tiiere is a distinct advantage in taking soil 
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samples in order to evaluate a region in terms of its cobalt status. He 
suggests for this purpose a 2.5 percent solution of acetic acid and pro- 
poses a separation between good and deficient soils at 0.25 to 0.30 
p. p. m. of cobalt. The classification of plants according to their 
cobalt content, however, is based on many factors of which the quan- 
tity of cobalt present in the soil is only one. It is doubtfulj therefore, 
if soil tests will ever be as precise and discriminating as are vegeta- 
tion tests. The plant summarizes all the factors responsible for its 
cobalt content. It must thus be the ultimate criterion of the ability 
of a soil to supply this element so essential to the ruminant. 

SUMMARY 

A nutritional disturbance in ruminants that can be corrected by 
administering cobalt occurs in various parts of the world, including 
several sections of eastern and northern United States. 

No specific clinical symptoms that permit a direct diagnosis of a 
case of cobalt deficiency have been noted in ruminants. The most 
common criterion seems to be the recovery of sick animals when cobalt 
is given to them. 

The minimum daily cobalt requirement for sheep seems to be about 
0.1 mg. This is the quantity necessary for growth and general 
health. The additional quantities required for reproduction and 
lactation have not been determined. Cattle appear to have a lower 
requirement for cobalt per unit of body weight than sheep, but few 
quantitative measurements have been made. 

A forage containing 0.10 to 0.13 p. p. m. of cobalt in the dry matter 
would supply a daily minimum requirement of 0.1 mg. of cobalt for 
sheep. Sheep fed forage containing more than 0.07 p. p. m, of cobalt 
on an avearge do not seem to require a cobalt supplement. 

The cobalt content of minerals and rocks seems to follow certain 
recognized principles. Thus, cobalt will be found in association with 
magnesium, nickel, and iron because of radii of similar magnitudes. 
The evidence that cobalt is found in greater concentrations in basic 
rocks than in acidic rocks such as granites is clear. 

The cobalt content of soils is a variable quantity that depends some- 
what on the cobalt content of the parent rock. However, the concen- 
tration in a residual limestone soil may be very high, although the 
original limestone may be much lower in cobalt. It is apparent that 
soil-forming factors have an important role in determining the cobalt 
content of a soil. 

No clear evidence of a close relationship between the cobalt content 
of the soil and that of the plant or the occurrence of cobalt deficiency 
in animals has been presented. No successful attempt to determine 
the cobalt compounds of the soil that are available to the plant has 
been made. 

The evidence as to the effect of cobalt on the growth of Thallophyta 
is not clear. There seems to be none, however, that cobalt has any 
favorable effect on the growth of higher plants. Retarded growth 
and toxicity symptoms have been observed where excessive quantities 
of cobalt have been supplied to the plants. 

There is as yet no clear evidence of any marked effect of climate or 
season on the cobalt content of forage. 
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The use of cobalt salts or superphosphate-cobalt mixtures for top 
dressing pastures has proved an effective method for the cure and pre- 
vention of cobalt deficiency. The benefits, however, seldom last for 
more than two seasons. 
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